We investigate in this paper a Green Travelling Salesman Problem with Time Windows (GTSPTW), a bi-criteria variant of the classical TSPTW. The proposed GTSPTW consists of determining the vehicle's speed in order to minimize the fuel consumption and resulting emission costs. The problem can model numerous industries as service companies and post office. We propose a linear mixed integer mathematical model for the GTSPTW. Due to the NP-hardness of the problem, we develop a hybrid bi-criteria ant colony optimization starts from a local search solution, then performs numerous neighborhoods. We compare the ability of the proposed algorithm with the exact solution using CPLEX on benchmark instances in the literature. In order to demonstrate the performance of our proposed approach, we apply it on a real case within the city of Gafsa in the south of Tunisia.
Introduction
Over the past few years, more attention has been paid to the environmental costs due to pollutants emission and fuel consumption, the activities of the transportation has a significant part of regional air pollution 1 . The activities of the transportation has a negative impacts on the environment and human health, these impacts include the toxic effects on ecosystems and humans and the climatic effects induced by carbon dioxide (CO 2 ) emissions. Typically, the minimization of travel distance or cost is the principal objective for Traveling Salesman Problems (TSPs) optimization, it has been suggested by an important number of studies e.g., there are other opportunities to extend traditional objectives of TSP with accounting the wider environmental and social impacts. Over the past few years, more attention has been paid to the environmental costs due to pollutants emission and fuel consumption, the activities of the transportation has a significant part of regional air pollution 1 . The activities of the transportation has a negative impacts on the environment and human health, these impacts include the toxic effects on ecosystems and humans and the climatic effects induced by carbon dioxide (CO 2 ) emissions. Typically, the minimization of travel distance or cost is the principal objective for Traveling Salesman Problems (TSPs) optimization, it has been suggested by an important number of studies e.g., there are other opportunities to extend traditional objectives of TSP with accounting the wider environmental and social impacts. Usually, transportation costs did not include environmental costs due CO 2 emissions, companies adopt emission reducing actions enhancing the importance of TSPs with environmental considerations. Accordingly, The CO 2 emissions is related closely to fuel consumption 2 , the amount this emission is proportional to the amount of consumed fuel during tours achievement. Therefore, reducing fuel consumption and transportation CO 2 emissions while optimizing transportation operations is important. The main objective is to develop new mathematical models and optimization methods for reducing CO 2 emissions in the context of the TSP with trac congestion considerations.
In this paper we turn the attention to the Green Traveling Salesman Problem (GTSP), the green concept was recently introduced by Bektaş et al. 7 . Kara et al. 4 has presented formulation for the energy minimizing, which seeks to minimize the sum of the product between a load and a distance in each edge. Several similar approaches that use the vehicle load to minimize the fuel consumption and CO 2 emissions, that are presented in 3 5 6 . In addition, Kakouei et al. 8 proposed a model to estimate daily road transport CO 2 emission, while calculating emission of each mode, emission factor and fuel efficiency. While Wang et al. 9 presented a STIR-PAT model to examine the relationship between socioeconomic variables and CO 2 emissions. Similar researches were conducted by Xu et al. 10 . This work seeks to optimize jointly travel itinerary, speed and CO 2 emission subject to time constraints, thus poses significant methodological challenges due to the multiple decisions. Time Windows treated as a particular case, and most current exact procedures cannot address problems of practical sizes. Then an important number of exact and heuristic methods for TSPTW are largely treated in the literature. Baker 13 have developed a branch-and-bound procedure where lower bounds are obtained while relaxing the proposed model,and performed well with instances up to 50 nodes to optimality. Gendreau et al.
11 suggested an insertion heuristic where the solution is built gradually while inserting a vertex in its neighborhood and then performing local re-optimization. Once feasible a solution is reached it tries to enhance it by removing and reinserting all vertices. Ohlmann et al.
12 described a Compressed Annealing which integrates a variable penalty method to consider the constraints of time windows that are relaxed. A hybrid Beam search with Ant Colony Optimization was developed by Lopez-Ibanez et al.
14 .Recently, Arnesen et al. 15 proposed an arc-flow mathematical formulation and suggest a solution method based on forward dynamic programming.
The main contributions of this paper are (1) solve an important TSP variant named GTSPTW using an improved meta-heuristic (IACO), based on an ant colony optimization and local search. (2) model mathematically the GTSPTW. And (3) validate the performance of our proposed algorithm using a Tunisia real case study. The remainder of this paper is structured as follows. The GTSPTW is stated mathematically in Section 2. Section 3 presents a description of the resolution methodology IACO. Section 4 describes the computational results with details and the case study.
Problem Description and formulation
Firstly, we formally introduce the GTSPTW along with the notation used throughout the paper. Then, we model the GTSPTW with a MILP formulation. The presented formulation is a simple adaption of the Fuel and CO 2 emissions modeling aspect of Demir et al. 19 by ignoring capacity constraints and by considering only one vehicle.
Problem Description
Given a graph G = (N, A) where
• N = {0} ∪ N c denotes the vertex set so that 0 represent initial and final vertex of the tour to find and N c is a set of n cities to visit.
• A = {{i, j}|i, j ∈ N, i j} corresponds to the edge set.
Non-negative measure d i j is associated with each edge (i, j) ∈ A, to represent the travel cost (distance) from i ∈ N to j ∈ N. A time window [a i , b i ] is associated with each vertex i ∈ N c , where a i and b i represent the earliest and latest time when service at vertex i can start. The service time of vertex i is defined by t i . We assume that time windows are hard, which means that a vertex can be visited before time a i and in such case the service can be delayed to time a i but not later than b i . In addition, we defined the discretized speed function p defined by r non-decreasing speed levels υ p over the set S = {1, . . . , r}. The GTSPTW is the problem consists in finding a Hamiltonian tour, that starts and ends at
